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ABSTRACT 


A  four-phase  investigation  was  conducted  to  select  a  rocket  engine 
diffuser  auxiliary  ejector  configuration.  The  configuration  was  required 
to  maintain  test  cell  pressure  sufficiently  low  to  keep  the  rocket  engine 
nozzle  flowing  full  at  10  percent  of  full  power  while  operating  against  an 
exit  pressure  of  approximately  1.  50  psia.  The  investigation  was  in  sup¬ 
port  of  the  LEM  Descent  test  program  scheduled  for  the  J-3  test  cell. 
The  annular-type  auxiliary  ejector  was  selected  because  of  its  superior 
performance  over  the  centerbody-type  ejector.  A  successful  model 
rocket  engine  throttling  demonstration  to  10  percent  of  full  power  was 
made  -with  the  annular-type  auxiliary  ejector.  An  ejector  second  throat 
(having  a  contraction  area  ratio  of  0.  62)  was  used  to  increase  the  limit¬ 
ing  diffuser  exit  pressure.  Pressure  distribution  through  the  J-3  model 
ducting  was  obtained  at  various  exhaust  header  pressures. 
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SECTION  I 
INTRODUCTION 


A  variable  thrust  capability  to  provide  more  versatility  for  space 
rendezvous  has  recently  become  a  rocket  engine  requirement.  Some 
proposed  test  programs  at  AEDC  involve  rocket  engines  which  have 
operational  thrust  ranges  from  maximum  power  down  to  10  percent  of 
maximum.  The  experimental  determination  of  throttlable  rocket  engine 
performance  requires  an  installation  in  which  a  relatively  constant  test 
cell  pressure  is  maintained  during  throttling. 

The  objective  of  the  program  reported  herein  was  to  develop  a  rocket 
engine  diffuser  auxiliary  ejector  configuration  for  Propulsion  Engine  Test 
Cell  (J-3)  in  support  of  the  Lunar  Excursion  Module  (LEM)  Descent  pro¬ 
gram.  This  configuration  must  maintain  a  test  cell  pressure  sufficiently 
low  to  keep  the  rocket  engine  nozzle  flowing  full  during  transient  thrust 
variation  from  full  power  to  10-percent  powrer  when  operating  against  an 
exhaust  pressure  of  approximately  !.  50  psia.  During  operation,  the 
auxiliary  ejector  driving  fluid  mass  flow  was  to  be  kept  at  a  minimum  for 
the  available  diffuser  exit  pressure. 

The  investigation  was  conducted  to  select  the  type  of  auxiliary  ejector 
(annular -type  or  centerbody-type)  which  would  satisfy  the  objective  and 
requirements.  To  evaluate  the  types  of  auxiliary  ejectors,  the  program 
was  divided  into  four  phases: 

I.  Cold-flow  centerbody-type  ejector  blockage  study 

II.  1  Centerbody-type  ejector  performance  study 

III.  Diffuser-ejector  performance  evaluation  of  the  centerbody- 
and  annular-type  ejectors  with  a  simulated  rocket  engine. 

IV.  Diffuser-ejector  performance  evaluation  of  the  centerbody- 
and  annular-type  ejectors  with  a  model  liquid -propellant  rocket 
engine. 


SECTION  II 
APPARATUS 


The  basic  test  hardware  used  in  the  four  phases  of  the  investigation 
included  a  dummy  centerbody-type  ejector  to  simulate  blockage,  a  small 
nozzle  area  ratio  centerbody-type  ejector,  a  large  nozzle  area  ratio 
centerbody-type  ejector,  and  an  annular-type  ejector.  The  centerbody- 
type  or  annular-type  ejector  configurations  were  used  in  tandem  with  a 
simulated  rocket  engine  nozzle  or  a  model  liquid-propellant  rocket  engine. 
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2.1  SIMULATED  ROCKET  ENGINES 

Three  axisymmetric  conical  nozzles  used  to  simulate  rocket  engines 
are  shown  in  detail  in  Figs,  la  through  c  as  configurations  A,  B,  and  C. 
A  description  of  the  nozzle  configurations  is  given  in  Table  I. 

2.2  MODEL  LIQUID-PROPELLANT  ROCKET  ENGINE 

The  liquid-propellant  rocket  engine  configuration  D  (Fig.  Id)  is  a 
pressure-fed  unit  utilizing  nitrogen  tetroxide  (N2O4)  and  Aerozene-50 
as  the  propellant.  The  nozzle  was  contoured  and  had  an  area  ratio  of 
40.  A  description  of  the  engine  nozzle  configuration  is  given  in  Table  I. 

The  propellant  lines  to  the  engine  were  provided  with  valves  and 
orifices  to  accommodate  thrust  variation  by  changing  propellant  flow  rate 
at  constant  tank  pressure.  The  details  of  this  arrangement  are  shown  in 
Fig.  2. 

2.3  DIFFUSER  AND  AUXILIARY  EJECTOR  TEST  CONFIGURATIONS 
2.3.1  Phase  I 

A  schematic  of  the  test  configuration  is  shown  in  Fig.  3,  and  a 
description  is  given  in  Table  II.  The  dummy  centerbody-type  ejector 
(configurations  1  through  9)  used  to  produce  blockage  in  the  diffuser 
was  changed  in  diameter  and  nose  cone  shape  and  used  with  two  diffuser 
sizes.  Details  of  the  nine  configurations  tested  are  shown  in  Fig.  3. 

The  dummy  centerbody-type  ejector  position  with  respect  to  the  simu¬ 
lated  rocket  engine  was  made  variable  by  a  screw  mechanism  attached 
to  the  simulated  ejector  driving  fluid  supply  line. 


2.3.2  Phase  II 

Details  of  the  centerbody-type  ejector  (configuration  10)  with  a  15-deg 
half-angle  nose  cone  and  nozzle  area  ratio  of  7.  54  are  shown  in  Fig.  4. 
Test  configuration  2  (Table  II)  consisted  of  a  test  cell  12  in.  in  diameter 
and  21  in.  long,  into  which  atmospheric  air  was  bled  in  through  a  control 
valve  to  the  nozzle  plenum  shown  in  Fig.  5.  Two  lengths  of  the  3.48-in.  - 
diam  duct  were  used,  giving  an  (L/D)e  =  2.6  or  8. 
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2.3.3  Phose  III 

The  test  configurations  used  in  Phase  III  are  described  as  2c,  d,  and 
e  and  3a  and  b  in  Table  II.  Test  configuration  2c  was  the  same  as  that 
used  in  Phase  II  (test  configuration  2a)  except  that  a  simulated  rocket 
engine  {nozzle  configuration  B,  Fig.  lb)  was  used  in  place  of  the  atmos¬ 
pheric  inbleed  system  shown  in  Fig.  5.  Modifications  were  made  by 
adding  two  sizes  of  second  throats  to  the  ejector,  giving  test  configura¬ 
tions  2d  and  e.  Figure  6  gives  the  details  of  these  test  configurations 
(2c,  d,  and  e). 

The  annular-type  ejector  configurations  11  and  11a  used  in  test  con¬ 
figurations  3a  and  b  were  the  annular  type.  This  rocket  engine  diffuser- 
ejector  configuration  consisted  of  a  7.  6.8-in.  -diam  duct  contracted  through 
a  12-deg  half-angle  to  a  5.  87-in.  -diam  duct  forming  the  diffuser  second 
throat.  Connected  to  the  second  throat  was  a  symmetrical  expanding 
annular  nozzle  having  an  area  ratio  of  16.  62  and  a  throat  area  of  1.  86  in.  2. 
The  annular  nozzle  discharged  into  a  9.  93 -in.  -diam  constant  area  duct, 
forming  ejector  configuration  11.  A  7.  82 -in.  -diam  ejector  second  throat 
was  added  to  give  configuration  11a.  Details  of  the  annular-type  ejector 
are  shown  in  Fig.  7.  The  test  configuration  shown  in  Fig.  8  is  an  approxi¬ 
mate  1/ 10-scale  (based  on  diameters)  model  of  the  J-3  test  cell  ducting. 
The  simulated  rocket  engine  (nozzle  configuration  C,  Fig.  lc)  was  used 
in  test  configurations  3a  and  b. 

2.3.4  Phase  IV 

The  test  configurations  (Table  II)  were  used  with  rocket  engine  con¬ 
figuration  D  (Table  I).  One  test  configuration  (3  c)  used  the  same  annular- 
type  ejector  as  in  Phase  III  but  used  the  model  rocket  engine  configura¬ 
tion  D  rather  than  the  simulated  rocket  engine  configuration  C.  This  test 
configuration  is  also  shown  in  Fig.  8. 

The  second  test  configuration  had  a  centerbody-  instead  of  the 
annular-type  ejector.  The  centerbody-type  ejector  configuration  12  was 
built  with  the  same  basic  geometrical  parameters  as  the  annular-type 
ejector,  as  shown  in  Table  II.  Dimensional  details  of  the  centerbody- 
type  ejector  nozzle  configuration  12  are  presented  in  Fig.  9.  The  rocket 
engine  and  centerbody-type  diffuser-ejector  installation  and  diffuser 
details  are  presented  in  Fig.  10. 

Test  configuration  4  (Fig.  10)  is  the  same  as  3e  except  that  the 
annular-type  ejector  was  replaced  by  the  centerbody-type  ejector. 
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2.4  SIMULATED  ROCKET  ENGINE  AND  EJECTOR  DRIVING  FLUID 

Air  from  the  VKF  4000 -psi  storage  tank  or  200-psig  saturated  steam 
from  the  AEDC  central  plant  provided  the  driving  medium  for  the  simu¬ 
lated  rocket  engine  and  auxiliary  ejector.  A  plenum  total  pressure  range 
from  0  to  100  psia  for  air  or  steam  was  supplied  to  the  simulated  rocket 
engine  and/or  the  auxiliary  ejector.  The  diffuser  exhaust  pressure  was 
varied  from  0  to  approximately  10  psia  by  means  of  a  valve  or  held  con¬ 
stant  at  a  predetermined  value  by  the  exhaust  machines. 


2.5  INSTRUMENTATION 

The  parameters  of  primary  interest  were  cell  pressure,  rocket 
engine  and  ejector  driving  fluid  total  pressure  and  temperature,  and 
rocket  engine  diffuser  and  auxiliary  ejector  exit  pressure.  The  investiga¬ 
tion  included  both  steady-state  and  transient  instrumentation. 

The  steady-state  pressure  sensing  instrumentation  consisted  of 
diaphragm-activated  dial  gages  which  were  periodically  calibrated  to 
ensure  that  the  readings  were  within  the  calibration  range.  The  tem¬ 
peratures  were  measured  with  copper- constantan  thermocouples  and  were 
read  on  compensating  millivoltmeters. 

The  transient  instrumentation  consisted  of  pressures  sensed  by  trans¬ 
ducers  and  recorded  on  oscillographs  and  strip  charts  by  null-balance, 
potentiometer-type  recorders.  The  transient  pressures  were  obtained  by 
a  galvanometer  having  a  frequency  response  of  60  cps. 

All  pressure  transducers  were  laboratory  calibrated  against  a  sec¬ 
ondary  standard  before  installation.  Prior  to  and  after  each  test,  all 
pressure  transducers  were  resistance- calibrated  in  place  to  verify  the 
electrical  portion  of  the  transducer  and  data  acquisition  system. 

Only  a  0  to  100  psia  transducer  was  used  to  measure  the  rocket  engine 
chamber  pressure,  Ptr  ,  for  both  100  and  10 -percent  power.  The  accuracy 
of  measuring  the  chamber  pressure  in  the  10-psia  range  on  the  0  to  100  psia 
transducer  is  not  good;  therefore,  the  chamber  pressure  to  which  throttling 
was  accomplished  {10  to  20  psia)  may  be  in  error. 

The  rocket  engine  oxidizer  and  fuel  flows  were  sensed  by  turbine-type 
flowmeters,  indicated  visually  on  frequency-to-dc  converters,  and  recorded 
on  an  oscillograph  in  cycles  per  second. 
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SECTION  III 
TEST  PROCEDURE 


This  investigation  consisted  of  four  phases:  (I)  cold-flow  centerbody - 
type  ejector  blockage  study  with  air  as  the  simulated  rocket  engine  driv¬ 
ing  fluid,  (II)  centerbody-type  ejector  performance  study  with  air, 

(III)  diffuser-ejector  performance  evaluation  of  the  steam-driven 
centerbody-  and  annular-type  auxiliary  ejectors  with  a  simulated  air- 
driven  and  steam-driven  rocket  engine,  and  (IV)  diffuser-ejector  per¬ 
formance  evaluation  of  the  steam-driven  centerbody-  and  annular-type 
auxiliary  ejectors  with  a  model  liquid -propellant  rocket  engine. 


3.1  PHASE  I 

The  procedure  for  the  cold-flow  centerbody-type  ejector  blockage 
study  for  all  test  configurations  was  the  same.  Rocket  engine  diffuser 
starting  characteristics  were  checked  at  a  low  steady-state  value  of 
diffuser  exit  pressure  [(pex)hp  =  0.50  psia|  by  increasing  the  rocket 
engine  driving  pressure  from  0  to  100  psia  for  various  positions  of  the 
centerbody  nose  cone  with  respect  to  the  rocket  engine  nozzle  exit  plane. 
The  range  of  centerbody  positions  covered  was  from  0  to  6  in.  down¬ 
stream  of  the  rocket  engine  nozzle  exit  plane  in  increments  of  1  in.  or 
greater.  At  each  centerbody  position  tested  where  the  diffuser  was 
started,  the  diffuser  exit  pressure  was  increased  at  a  constant  (100  psia) 
rocket  engine  driving  pressure  until  breakdown.  The  limiting  center - 
body  positions  at  which  the  diffuser  would  remain  started  were  checked 
by  varying  the  centerbody  position  with  the  rocket  engine  chamber  pres¬ 
sure  held  at  100  psia  and  a  low  (0.  50  psia)  diffuser  exit  pressure 
maintained. 


3.2  PHASE  II 

Tne  ejector  performance  on  test  configurations  2a  and  b  (Table  II) 
was  obtained  at  various  values  of  secondary  atmospheric  inbleed  air¬ 
flow  in  the  following  manner:  A  set  value  of  secondary  inbleed  flow  was 
made  by  adjusting  the  inbleed  valve  (Fig.  5)  while  the  ejector  was  operat¬ 
ing.  The  ejector  was  operated  at  a  constant  driving  pressure  and  the 
diffuser  exit  pressure, (Pex)i,p,  was  varied  to  determine  optimum  perform¬ 
ance  for  each  value  of  secondary  inbleed  flow.  The  ejector-  was  driven  at 
pressures  between  45  and  75  psia. 
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3.3  PHASE  III 

The  procedure  was  the  same  for  obtaining  the  diffuser  performance 
during  operation  of  the  ejector,  the  simulated  rocket  engine,  and  with 
both  the  ejector  and  simulated  rocket  engine.  The  diffuser -ejector  exit 
pressure  was  varied  for  diffuser  breakdown  and  start  at  various  ejector 
and  simulated  rocket  engine  driving  pressures.  When  both  ejector  and 
simulated  rocket  engine  were  operating  together  (test  configurations  2c 
through  e  and  3a  and  b)  diffuser  breakdown  and  start  pressure  ratios 
were  obtained  by  varying  exit  pressure.  In  most  cases  the  ejector  driv¬ 
ing  pressure  was  maintained  constant  while  the  simulated  rocket  engine 
driving  pressure  was  varied. 


3.4  PHASE  IV 

For  the  model  rocket  engine  phase  (test  configurations  3c  and  4), 
the  ejector  driving  pressure  was  set  at  a  predetermined  level  (optimum), 
and  then  firings  were  made  at  various  diffuser  exit  pressures  with  the 
rocket  engine  chamber  pressure  throttled  to  various  values.  The  cham¬ 
ber  pressure  level  was  varied  by  the  propellant  tank  pressures  and  the 
orifice  sizes  used,  as  shown  in  Fig.  2.  The  predetermined  or  optimum 
ejector  driving  pressure  was  selected  such  that  the  rocket  engine  diffuser 
exit  pressure,  PSJ',  would  be  sufficiently  low  for  the  diffuser  to  be  started 
at  the  throttled  chamber  pressure.  The  optimum  diffuser-ejector  exit 
static  pressure,  (Pex\iP  ,  was  set  at  the  maximum  level  which  would  per¬ 
mit  the  ejector  to  be  started  (minimum  cell  pressure  obtained).  The 
rocket  engine  firings  were  made  after  sufficient  time  had  elapsed  for  con¬ 
ditions  in  the  test  cell  to  stabilize. 

The  conditions  set  during  the  rocket  engine  tests  included  an  average 
O/F  ratio  of  1.  90  and  flows  necessary  to  give  a  combustion  chamber 
pressure  of  100  or  50  psia.  The  average  oxidizer  flows  for  100-  and 
50-psia  chamber  pressures  were  0.  210  and  0.  115  lbm/scc,  respectively. 
The  average  specific  heat  ratio  of  the  exhaust  gas  was  assumed  to  be 
approximately  1.28. 

Throttling  was  initiated  after  the  rocket  engine  chamber  pressure 
had  stabilized  (approximately  5  sec  after  ignition). 


SECTION  IV 

RESULTS  AND  DISCUSSION 


This  investigation  was  a  four-phase  program  consisting  of  (I)  cold- 
flow  centerbody-type  ejector  blockage  study  with  air  as  the  simulated 
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rocket  engine  driving  fluid,  (II)  centerbody-type  ejector  performance 
study  with  air,  (III)  diffuser-ejector  performance  evaluation  of  the 
steam-driven  centerbody-type  and  annular-type  auxiliary  ejectors  with 
a  simulated  air-driven  and  steam-driven  rocket  engine,  and  (IV)  diffuser- 
ejector  performance  evaluation  of  the  steam-driven  centerbody-type  and 
annular-type  auxiliary  ejectors  with  a  model  liquid-propellant  rocket 
engine.  The  results  are  shown  in  Figs.  11  through  25  and  Table  III. 


4.1  PHASE  I 

Since  a  centerbody-type  ejector  was  under  consideration,  three 
questions  had  to  be  answered  concerning  its  use  as  an  auxiliary  ejector 
in  tandem  with  a  throttlable  rocket  engine.  The  diffuser  required  had 
to  be  designed  such  that  it  (1)  would  start  and  operate  at  the  highest  exit 
pressure  possible  and  (2)  would  require  the  least  work  for  the  ejector. 
This  requirement  demands  the  use  of  a  second-throat-type  diffuser  as 
presented  in  Ref.  1.  To  keep  the  overall  length  of  the  diffuser -ejector 
system  as  short  as  possible,  the  second-throat  contraction  should  be 
provided  by  the  centerbody-type  ejector.  A  contraction  area  ratio  equal 
to  normal  shock  contraction,  4st/Ad  =  l/(A<j/A*)r  ( Pty/ Ptx) ,  was  selected. 
The  normal  shock  contraction  area  ratio  is  a  conservative  value,  and  it 
will  allow  the  driving  pressure  ratio  to  be  equal  to  the  pressure  ratio 
across  a  normal  shock  as  shown  in  Refs.  1  and  2.  A  centerbody-type 
ejector  producing  a  reduction  of  this  magnitude  in  area  had  not  been 
used  at  RTF.  This  raised  three  questions  concerning  the  use  of  the 
centerbody-type  ejector:  (1)  Will  it  work?  (2)  Is  the  nose  cone  angle  of 
the  centerbody  critical?  (3)  Does  the  spacing  of  the  centerbody-type 
ejector  in  relation  to  the  rocket  engine  nozzle  exit  affect  the  performance 
of  the  diffuser? 


Phase  I  of  the  test  program  was  conducted  in  an  attempt  to  answer 
the  three  questions.  The  test  configurations  described  in  Table  II  and 
shown  in  Fig.  3  were  used.  The  centerbody  nose  cone  angle  and  shape 
as  well  as  position  were  varied  for  the  various  contraction  area  ratios. 
Contraction  area  ratios  as  low  as  0.  510.  and  as  high  as  0.648  were  in¬ 
vestigated  with  two  diffuser  sizes. 


The  sizing  of  the  hardware  was  initially  based  on  the  following 
equations: 


yMn< 


>'Ur 


model 


\  ^n«  J  /  full  scale 
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(Md) 


in  o  d  el 


=  (Md) 


full  scale 


(Asi/Ad  )  normal  shDct  =  (ASt/Ad>f 

_  _ 1  _ 

(Ad/A*)r  (P,r/P„) 

The  full-scale  rocket  engine  and  diffuser  parameters,  and  the  model 
parameters,  calculated  from  the  full-scale  values  by  these  three  equa¬ 
tions,  are: 

y r  ^ne  ,  deg  (Ane/A*,c  (Mne),  (Aj/A*)r  (Md)r  (Ast/Ad)f 

Full  Scale  1.28  10.14  49  4.92  75.93  5.33  0.583 

Model  1.40  10.14  16.28  4.92  32.39  5.33  0.643 

(Required) 

An  existing  conical  nozzle  to  simulate  the  rocket  engine  and  an  existing 
diffuser  were  used;  only  the  dummy  centerbody-type  ejector  had  to  be 
fabricated.  The  existing  hardware  did  not  exactly  meet  the  required 
model  parameters.  The  following  table  is  a  comparison  of  the  actual 
and  required  model  parameters: 

^ne  ,  deg  (Ane/A*)r  (Mn«)r  (Ad/ A*)f  _(Md)r  yr 

Required  10.14  16.28  4.48  32.39  5.33  1.40 

Actual  9.00  10.51  3.98  29.05  5.19  1.40 

Results  of  testing  the  nine  test  configurations  (Table  II  and  Fig.  3) 
are  summarized  in  Table  III  and  Figs.  11  and  12.  Figure  11a 
presents  the  relation  of  (Pc/Pt)r  /  ( P/Pt)lseri  with  centerbody-type  ejector 
position  for  normal  shock  contraction.  The  ratio  is  a  constant  for  the 
centerbody  positions  at  which  the  diffuser  is  started  even  for  the  smaller 
contraction  area  ratios  as  shown  in  Table  III.  Presented  in  Fig.  lib  for 
normal  shock  contraction  is  the  variation  of  the  ratio  of  the  driving  pres¬ 
sure  ratio  to  normal  shock  total  pressure  ratio  (Pex/Ptr/Piy/Ptx )  with 
centerbody-type  ejector  position  for  different  centerbody  nose  cone  angles 
and  shapes.  This  ratio  is  highest  when  the  centerbody-type  ejector  is  at 
the  zero  position  except  for  test  configuration  lg.  No  nonstart  positions 
between  0  and  6  in.  existed  for  test  configuration  la,  which  had  a  center - 
body  nose  cone  angle  of  15  deg.  For  the  same  nose  cone  angle,  the 
position  at  which  the  diffuser  would  start  became  more  limited  as  the 
contraction  area  ratio  decreased.  This  is  shown  in  Table  III.  Figure  12 
gives  the  variation  of  Pex/Ptr/Pty/Ptx  with  contraction  ratio.  The  smallest 
effective  nose  cone  angle  had  the  highest  value  of  the  ratio  (  Pcx/P tr  /  P ty/P  lx  ). 
This  ratio  increased  as  contraction  ratio  decreased,  as  expected  from 
Ref,  1. 
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Test  configuration  la  had  only  one  nose  cone  reflected  shock  off 
the  duct  wall  which  missed  the  exit  of  the  centerbody.  All  other  test 
configurations  had  more  than  one  nose  cone  reflected  shock  in  the 
minimum  area  section. 

Test  configuration  lb  was  the  same  as  la  except  that  the  diffuser 
size  was  smaller  (3.  47-in.  -diam),  resulting  in  a  smaller  contraction 
area  ratio  (0.  52  7).  Test  configuration  lc  was  the  same  as  la  except 
that  the  centerbody  diameter  was  increased  from  2.  39  to  2.  82  in.  to 
give  approximately  the  same  contraction  area  ratio  (0.  510)  that  existed 
for  test  configuration  lb.  The  performance  of  test  configurations  lb  and 
c  was  essentially  the  same,  as  shown  in  Table  III. 

The  position  of  the  centerbody -type  contracted  diffuser  is  limited 
especially  with  near- critical  contraction  area  ratio.  This  limiting 
positioning  is  a  characteristic  phenomenon  observed  with  second-throat  - 
type  diffusers  and  is  reported  in  Refs.  3  and  4.  Test  configurations  Id,  e, 
and  f  were  the  same  except  that  the  contraction  area  ratio  was  changed  by 
changing  the  centerbody  diameter  from  2.  82  to  2.  61  to  2.  40  in. ,  respec¬ 
tively.  As  shown  in  Table  III  for  these  three  configurations,  the  smaller 
the  contraction  area  ratio,  the  more  limited  was  the  centerbody  position 
for  diffuser  starting.  Test  configurations  la,  g,  h,  and  i  had  essentially 
the  same  contraction  area  ratio  (0.  643)  but  were  different  only  in  center- 
body  nose  cone  angle.  The  greater  the  centerbody  nose  cone  angle  be¬ 
came,  the  more  limited  was  the  centerbody  position  for  diffuser  starting. 


4.2  PHASE  II 


Ay-  1.40  normal  shock  contraction  area  ratio  diffuser  produced 
by  a  centerbody -type  ejector  (test  configuration  la)  proved  to  perform 
satisfactori^  in  Phase  I  for  a  15-deg  centerbody -type  ejector  nose  cone. 
An  existing  15-deg  nose  cone  centerbody-type  ejector  as  shown  in  Fig.  4 
was  used  to  build  up  test  configurations  2a  and  b  (Fig.  5).  The  inlet  duct 
was  sized  from  the  centerbody  diameter  to  give  near-normal  shock  con¬ 
traction  area  ratio  (0.  643  for  y  -  1.  40).  The  actual  contraction  area  ratio 
obtained  was  0.  633.  The  centerbody-type  ejector  diffuser  duct  was  sized 
from  an  area  ratio  (Ad/A*)0  =  40.  95  for  A*c  =  0.  1963  in.  2  based  on  the 
equation 


(A,i /A*) 

~  » 


i  o  d  e  I 


(Ad /A*) 


full 


-  40.95 


The  actual  (Ad/A*)e  obtained  was  44.43.  Two  diffuser -ejector  lengths 
were  used  to  make  test  configurations  2a  [( L/D )t_  =  2.6  J  and  2b 
[(I,/D)e  =  8.0  (see  Fig.  5  and  Table  II). 
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This  phase  of  the  investigation  was  to  determine  the  performance 
for  the  steam-driven  centerbody-type  ejector  with  two  diffuser  lengths 
with  various  amounts  of  air  as  secondary  mass  flow.  Presented  in 
Fig.  13a  is  the  effect  of  diffuser  (L/D)e  on  the  limiting  driving  pressure 
ratios,  (Pex)iiip  /Pte ,  for  various  secondary-to-primary  mass  flow 
ratios,  m8/mp..  For  an  (L/D)c  =  8,  the  limiting  (Pex)iip/Pie  is  practically 
a  constant  for  the  various  values  of  ms/mp.  The  limiting  (Pex)lip  /Pte 
decreases  directly  .proportional  with  an  increase  in  ms/mp  for  the 
(L/D)e  =  2,6  configuration. 

The  variations  of  Pc/Pte  and  (Pex)llp /pc  withi.m5 /mpfor  test  configura¬ 
tions  2a  and  b  are  shown  in  Figs.  13b  and  c.  The  (L/D)e  change  from 
2.  6  to  8  had  no  effect  on  the  ratio  of  test  cell-to-ejector  driving  pres¬ 
sure,  but  did  affect  the  rise  ratio,  (Pex)|ip  /P»  The  increase  in  Pc/Pte 
with  ms /mp  is  linear  above  an  ms/mpof  0.  07. 


The  equivalent  mass  ratio  of  ms/mp=  0.0982  which  was  required  by 
the  model  (test  configuration  2a)  to  simulate  the  mass  ratio  (ms/mp  =  0.028) 
for  full  scale  was  obtained  from  the  equation 


(ms/mp)n]oijej  - 


^modc  1 


full 


;  a  1  e 


(ms/mp)full  scgl(_ 


where 

K  =  [<R7R")  (y'Vy'HTtVTt")]54 

The  difference  in  static  conditions  of  the  secondary  fluid  (air  for  model 
and  exhaust  products  for  full  scale)  required  a  difference  in  mass  ratio 
for  similarity  in  performance  to  exist  between  the  model  and  full-scale 
centerbody  ejector. 


The  Pc/Pte  versus  (Pex)Jip  /Pte  performance  for  the  (L/D)e  =  2.  6  and 
8.  0  test  configurations  2a  and  b  with  no  secondary  mass  flow  is  shown 
in  Fig.  14  along  with  the  isentropic  pressure  ratio  and  the  normal  shock 
downstream  static -to -upstream  total  pressure  ratio.  The  actual  Pc/Pie 
obtained  divided  by  the  isentropic  ratio  was 

[(Pc/P,.)..J/[(P/P, -  1.52 

The  limiting  driving  pressure  ratio,  (Pex)lip  /Pte  >  divided  by  the  static- 
to-total  normal  shock  pressure  ratio  was  [(  p«)uP/pte]/(rVptx)  =  0.887. 
There  was  no  difference  in  Pc/Pie  or  (Pex)lip/Pte  performance  at  start 
or  breakdown  for  (L/D)e  =  2.  6  and  8.  0  when  the  ejector  was  pumping 
no  secondary  flow.  This  is  also  shown  in  Figs.  13a  and  b.  A  difference 
in  (Pex)lip  /Pte  at  start  and  breakdown  for  the  (L/D)e  =  2.6  was  expected. 
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4.3  PHASE  III 

The  diffuser-ejector  performance  evaluation  of  the  steam-driven 
ejector  for  an  air-driven  and  steam-driven  simulated  rocket  engine  was 
obtained  for  centerbody-  and  annular-type  auxiliary  ejector  configura¬ 
tions.  Roth  types  were  investigated  with  and  without  an  ejector  second 
throat. 

4.3.1  Centerbody-Type  Ejector  Test  Configurations  2c  through  e 

A  simulated  rocket  engine  nozzle  without  the  atmospheric  inbleed 
system  was  used  in  test  configuration  2a  to  give  test  configuration  2c. 
Two  second-throat  inserts  were  added  to  configuration  2c  to  make 
configurations  2d  and  e  (Fig.  6).  The  resulting  test  configurations  2d 
and  e  had  ejector  contraction  area  ratios  of  0.  535  and  0.  637,  respec¬ 
tively,  and  (Astb  /(Ast)r  ratios  of  1.  12  and  1.34,  respectively. 

The  simulated  rocket  engine  nozzle  (an  existing  nozzle)  was 
selected  based  on  the  equations: 

f  y(M»«)fa  ^  ^  j  r(M,»y  ^ 

\V(Mn*V  “  '/model  \  v'  (Mne)/  “  1  /  lull  scale 

(  @ne  '  model  “  (  ^ne  ),  (  |u]j  8Ca]e 

and 

( M<Jr )  .  ,  =  (Mdrb  II  I 

model  u  r  f  u  1 1  scale 

The  existing  nozzle  (Fig.  lb)  did  not  exactly  meet  the  required  model 
parameters  as  calculated  from  the  above  equations.  The  following 
table  is  a  comparison  of  the  actual  and  required  model  rocket  engine 
parameters. 


(^neK,  deg 

(Ane/A*)r 

(Mn,)c 

(Aj/A*)r 

(Md)r 

Yt 

Required  10.14 

15.28 

4.92 

32.39 

5.33 

1.40 

Actual  13,25 

11.77 

4.11 

32,11 

5.32 

1.40 

The  individual  performance  of  the  centerbody -type  ejector  is  presented 
in  Fig.  14  for  test  configurations  2c,  d,  and  e  for  no  secondary  mass 
flow  with  the  isentropic  pressure  ratio  and  the  downstream  static-to- 
upstream  total  normal  shock  pressure  ratio.  The  second  throats  in  the 
ejector  extended  the  limiting  driving  pressure  ratio  from  0.  887  to 
1. 03  times  the  normal  shock  ratio  (Py/Plx).  The  difference  shown  in 
Fig.  14  for  P c/P te  with  and  without  the  ejector  second  throat  occurred 
because  the  transition  section  of  the  second-throat  insert  was  too  close 
to  the  ejector  nozzle  exit. 
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The  simulated  rocket  engine  diffuser  for  test  configuration  2d  would 
not  start  with  the  ejector  operating  above  approximately  10  psia.  This 
configuration  had  a  contraction  area  ratio  of  (Ast/Ad)e  =  0.  535  and  a  ratio 
of  (Ast)e  /(Asl)r  =  1.  12.  Results  similar  to  this  were  experienced  in  the 
test  reported  in  Ref.  2.  When  the  contraction  area  ratio  was  increased 
from  0.  535  to  0.  637  (test  configuration  2e),  giving  the  ratio  of  (Asi),.  / ( Ast )r  = 
1.34,  the  simulated  rocket  engine  diffuser  would  start  and  operate  with  an 
ejector  driving  pressure  of  50  psia  as  long  as  the  simulated  rocket  engine 
chamber  pressure  was  above  20  psia.  The  rocket  engine  diffuser  would 
remain  started  with  a  chamber  pressure  of  approximately  10  psia  when 
the  ejector  driving  pressure  was  reduced  to  approximately  22  psia.  This 
result  indicates  that  the  ejector  second-throat  area  cannot  be  as  small  as 
the  rocket  engine  diffuser  second-throat  area  while  the  rocket  engine 
second-throat  contraction  area  ratio  is  no  larger  than  the  normal  shock 
contraction  area  ratio. 

The  limiting  simulated  rocket  engine  diffuser  exit  pressure,  PSj  , 
was  determined  for  various  values  of  air-driven  rocket  engine  chamber 
pressure,  Ptr,  and  different  steam-driven  ejector  driving  pressures, 

Pie  .  This  relationship  is  presented  in  Fig.  15a.  The  data  are  shown 
in;  relation  to  the  normal  shock  static  pressure,  (Py)r  .  The  limiting 
Psi  data  are  approximately  equal  to  the  normal  shock  value,  (Py)r,  for 
simulated  rocket  engine  chamber  pressures  up  to  40  psia.  For  chamber 
pressure  above  40  psia,  the  limiting  PSJ  was  approximately  0.  90  times 
the  normal  shock  value.  The  data  shown  in  Fig.  15a  are  for  test  config¬ 
urations  2c  (no  ejector-second  throat)  and  2e,  (Ast/Ad)s  =  0.  637.  At 
Pte  =  50  psia,  Psa  was  unstable  below  a  chamber  pressure  of  20  psia 
because  the  ejector  nozzle  lip  static  pressure  was  higher  than  the  required 
PSI  to  keep  the  diffuser  started.  The  auxiliary  ejector  requires  a  condi¬ 
tion  of  static  pressure  equilibrium  in  the  secondary  and  primary  streams 
according  to  Ref.  5.  To  obtain  static  pressure  equilibrium  requires  the 
limiting  Ps,j  to  equal  the  ejector  nozzle  lip  static  pressure.  This  explains 
why  the  unstable  condition  shown  ir.  Fig.  15a  is  eliminated  when  the  ejector 
driving  pressure  is  reduced  from  50  psia.  The  reduction  in  ejector  driving 
pressure  reduces  the  ejector  nozzle  lip  static  pressure  proportionally. 

The  limiting  PSl  (PS2  at  breakdown)  was  determined  with  only  the  simu¬ 
lated  rocket  engine  operating  and  with  both  the  ejector  and  simulated  rocket 
engine  operating  as  shown  in  Fig.  15a. 

Presented  in  Fig.  15b  is  the  limiting  diffuser- ejector  exit  static  pres¬ 
sure  variation  with  air-driven  simulated  rocket  engine  chamber  pressure 
and  various  values  of  ejector  driving  pressure.  When  only  the  simulated 
rocket  engine  was  operating  with  test  configuration  2c,  the  limiting  diffuser- 
ejector  exit  static  pressure  was  approximately  9  percent  higher  than  the 
corresponding  normal  shock  value  as  shown  in  Fig.  15b.  The  perform¬ 
ance  of  test  configuration  2c,  which  was  tested  with  both  simulated  rocket 
engine  and  ejector  operating,  is  also  shown  in  Fig.  15b.  An  improvement 
in  limiting  diffuser- ejector  exit  static  pressure  over  that  obtained  by  not 
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having  the  ejector  operating  was  experienced  with  the  ejector  operating. 
References  2  and  6  show  similar  results.  The  higher  ejector  driving 
pressure  gives  the  higher  limiting  {Pex)lip  but  also  limits  the  minimum 
simulated  rocket  engine  chamber  pressure  to  a  higher  value.  From 
Fig.  13a,  the  limiting  (PCx)hp  /P ie  decreased  as  the  secondary-to- 
primary  mass  ratio  increased  for  ms  /mp up  to  approximately  0.  15.  At 
a  P ir  of  5  psia  in  Fig.  15b,  ms/mpis  equal  to  0.  162,  which  would  corre¬ 
spond  to  limiting  (Pe3t)hp  =  0.  93  psia  from  Fig.  13a  for  Ple  =  50  psia. 

This  limiting  (Pcx)lip  =  0.  93  psia  is  in  good  agreement  with  that  shown 
in  Fig.  15b  for  Ptr  -  5  psia. 

Test  configuration  2e,  which  consisted  of  an  ejector  second-throat 
insert  having  (Asl/At|)c  =  0.  637  or  (A6t)E  / (A.SL)r  =  1.  34,  was  tested  at 
almost  the  same  conditions  as  test  configuration  2c.  The  performance 
is  shown  in  Fig,  15b  to  be  no  different  from  that  obtained  for  test  con¬ 
figuration  2c,  The  limiting  (Pcx)|,p  was  expected  to  he  higher  for  the 
second-throat  configuration  2e  than  it  was  for  the  no-second-throat 
configuration  2c;  however,  this  did  not  occur.  It  is  believed  that  the 
cooling  of  the  two-phase  steam  (ejector  driving  fluid)  by  the  cold  sec¬ 
ondary  air  (simulated  rocket  engine  driving  fluid)  caused  a  large  decrease 
in  specific  volume  of  the  mixture.  No  appreciable  difference  was  noted 
in  diffuser-ejector  start  and  breakdown  especially  at  low  Ptr  values  (less 
than  30  psia). 

Presented  in  Fig.  15c  is  the  relationship  of  simulated  rocket  engine 
nozzle  lip  static  pressure,  (Pne)r,  and  test  cell  pressure,  (PC)H  with 
simulated  rocket  engine  chamber  pressure.  The  ejector  was  driven  at 
50  psia,  and  the  diffuser-ejector  exit  static  pressure  was  held  equal  to 
or  below  its  limiting  value  as  shown  in  Fig.  15b.  Also  shown  in  Fig.  15c 
is  the  corresponding  isentropic  relationship.  The  actual  simulated  rocket 
engine  nozzle  lip  static  pressure  is  approximately  1.  19  times  the  isen¬ 
tropic  value.  The  cell  pressure  curve  crosses  the  corresponding  isen¬ 
tropic  line  because  of  a  Reynolds  number  influence  as  presented  in 
Refs.  7  and  8.  The  limiting  minimum  simulated  rocket  engine  chamber 
pressure  for  a  Ptc  =  50  psia  was  approximately  20  psia. 

A  check  was  made  on  test  configuration  2e  by  substituting  steam  in 
place  of  air  for  the  simulated  rocket  engine  driving  fluid  to  eliminate 
the  temperature  difference.  This  performance  is  shown  in  Fig.  16. 
Presented  in  Fig.  16a  is  the  variation  of  the  limiting  diffuser  exit  static 
pressure,  PSj,  with  various  values  of  simulated  rocket  engine  chamber 
pressure  for  two  ejector  driving  pressures.  The  data  are  higher  than  the 
normal  shock  value  as  shown  in  Fig.  16a  because  of  a  possible  error  in 
the  data.  It  was  very  difficult  to  obtain  these  data  because  the  PS1  pres¬ 
sure  line  continually  filled  with  water,  giving  a  higher  than  actual  pressure. 

An  increase  of  approximately  1  psia  in  the  limiting  diffuser-ejector 
exit  static  pressure  was  obtained  for  the  steam-driven  rocket  engine  over 
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that  obtained  for  the  air-driven  rocket  engine  with  Pte=  50  psia  (Fig.  16b). 
The  performance  was  obtained  on  only  the  second-throat  test  configura¬ 
tion  2e  with  a  steam-driven  rocket  engine. 

This  phase  of  the  investigation  indicates  that  static  pressure  equi¬ 
librium  in  the  secondary  and,  primary  stream  must  exist  for  stable  opera¬ 
tion.  The  limiting  minimum  rocket  engine  chamber  pressure  depends 
on  the  ejector  nozzle  area  ratio  and  driving  pressure  as  well  as  the 
rocket  engine  diffuser  area  ratio  and  contraction  ratio. 

By'knowing  the  relationship  of  the  diffuser  exit  pressure,  iPSJ,  to 
the  normal  shock  static  pressure  and  the  relationship  of  the  ejector  noz¬ 
zle  lip  exit  static  pressure  to  its  isentropic  value,  the  minimum  rocket 
engine  chamber  pressure  for  a  given  ejector  driving  pressure  can  be 
determined  from  the  static  pressure  equilibrium  principle 

£(  Poe  )e  “  P«] 

Figure  17  presents  these  relationships  for  test  configurations  2c  and  e. 
The  lip  exit  static  pressure  for  the  13 -deg  half-angle  simulated  rocket 
engine  (nozzle  configuration  B)  was  1.19  times  the  isentropic  value 
(shown  in  Fig.  15c);  therefore,  it  is  reasonable  to  assume  that  the 
centerbody-type  ejector,  which  has  a  nozzle  half-angle  of  10  deg,  would 
have  a  lip  exit  static  pressure  of  approximately  1.  15  times  the  isen¬ 
tropic  value  as  indicated  in  Fig.  17  for  y  -  1.  30.  The,PSj  value  was 
almost  equal  to  the  normal  shock  static  pressure  in  the  range  of  ,Ptr  =  0 
to  40  psia  as  shown  in  Fig.  15a  forvyr  =  1.  40;  therefore,  the  normal 
shock  static  pressure  is  shown  equal  to\PSJ  in  Fig.  17.  For  an  ejector 
driving  pressure  of  50  psia,  the  minimum  simulated  rocket  engine  cham¬ 
ber  pressure  is  shown  in  Fig.  17  to  be  19  psia  to  satisfy  the  static  pres¬ 
sure  equilibrium  principle.  This  is  in  agreement  with  the  data  shown 
in  Fig.  15a  where  the  rocket  engine  diffuser  exit  pressure  becomes 
unstable.  This  is  true  even  if  the  diffuser -ejector  exit  static  pressure, 
(Pe*)i,p  ,  is  below  the  limiting  value  shown  in  Fig.  15b  for  the  air-driven 
rocket  engine  and  Fig.  16b  for  the  steam-driven  rocket  engine. 


4.3.2  Annular -Type  Ejector  J-3  Model  Test  Configurations  3a  through  c 


The  diffuser  and  auxiliary  annular-type  ejector  were  designed  for 
the  existing  model  rocket  engine,  shown  in  Fig.  Id,  to  simulate  the 
J-3  test  engine.  The  test  requirements  included  throttling  to  10  percent 
of  full  power  without  losing  altitude  simulation  with  a  diffuser-ejector 
exit  pressure  from  1.5  to  2.0  psia  at  full  engine  power.  Since  the 
model  engine  used  the  same  propellant  as  the  full-scale  engine,  the 
scaling  was  direct. 
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The  ejector  nozzle  was  designed  for  static  pressure  equilibrium 
according  to  Ref.  5.  A  steam-driven  simulated  rocket  engine  nozzle 
was  selected  based  on  the  equations 
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The  existing  nozzle  selected  {configuration  C,  Fig.  lc)  did  not  fully 
satisfy  the  equations.  A  comparison  of  the  required  with  the  actual  is: 

Wne)r,  deg  (Anc/A*)r  (A<j/A*)r  (Md)r  yr 

Required  9.75  32.54  4.65  63.80  5.33  1.30 

Actual  18  18.57  4.14  61.89  5.30  1.30 


The  test  configurations  3a  and  b  are  shown  in  Fig.  8.  The  individual 
ejector  performance  is  shown  in  Fig.  18.  The  actual  Pc/Pte  and 
(Pex)np  /P,e  divided  by  isentropic  and  normal  shock  values  from  Ref.  9 
are 
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The  Pc/Pte /(P/Pt)igen  for  the  centerbody-type  ejector  configuration  was 
1.  52  as  given  in  Phase  II.  Steam-driven  axisymmetrical  18-deg  nozzles 
(Ref.  10)  pumped  the  following  values: 


Ane/A*  Ad/A* 

18  38.60 


Pc/Ptc 


(p/pt), 

1.35 


10.8  39.82  1.76 


The  annular-type  ejector  performance  is  in  good  agreement  with  this 
performance.  The  breakdown  performance  is  in  good  agreement  with 
that  reported  in  Ref.  3. 


The  diffuser  second-throat  limiting  exit  static  pressure,  PSJ  ,  and 
the  limiting  pressure  to  which  the  flow  from  the  rocket  engine  diffuser 
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discharged,  PSJaJ,  are  presented  in  Fig.  19a  for  test  configurations  3a 
and  b.  With  only  the  rocket  engine  operating,  the  limiting  PSj  and  Psja 
with  and  without  the  ejector  second  throat  (test  configurations  3a  and  b) 
are  approximately  equal  to  the  downstream  normal  shock  static  pres¬ 
sure.  The  limiting  value  of-Psxhvhen  the  ejector  was  driven  at 
Pte'f  50  psia  for  test  configuration  3a  was  lower  than  the  normal  shock 
value.  For  test  configuration  3b,  the  limiting  value  of  PSI  was  still 
lower  and  unstable  above  Ptr  =  30  psia.  It  is  believed  that  the  PSJ  pres¬ 
sure  tap  was  located  in  a  separated  flow  region  when  the  ejector  was 
operating,  thus  giving  a  lower  value.  The  separated  flow  region  is 
influenced  by  the  addition  of  the  ejector  second-throat  insert  for  test 
configuration  3b,  further  lowering  P3J  as  shown  in  Fig.  19a.  The  mini¬ 
mum  value  of  the  limiting  PS2  obtained  with  the  ejector  driven  at 
Pter  50  psia  was  0.  14  psia  and  was  constant  for  rocket  chamber  pres¬ 
sures  below  Ptr  =  10  psia.  This  value  of  PSJ  was  lower  than  the  ejector 
nozzle  lip  static  pressure,  which  indicates  that  the  ejector  flow  was 
expanding  beyond  the  nozzle  exit  and  reaching  static  pressure  equilib¬ 
rium  at  an  area  smaller  than  the  rocket  engine  diffuser  second-throat 
area.  The  smaller  area  could  cause  a  separated  region  near  the  end 
of  the  second  throat.  The  unstable  conditions  experienced  with  the 
centerbody-type  ejector  test  configurations  2c  and  e  (Fig.  15a)  were  not 
evident  with  test  configurations  3a  and  b  when  the  rocket  engine  cham¬ 
ber  pressure  was  reduced  to  zero. 

A  comparison  of  the  diffuser-ejector  limiting  exit  static  pressure, 

( Pex  )[jp .  for  test  configurations  3a  and  b  is  presented  in  Fig.  19b.  The 
limiting  (Pex)Up  when  only  the  rocket  engine  was  operating  is  approxi¬ 
mately  1.  26  times  the  normal  shock  value.  The  limiting  (Pex)Hp  was 
approximately  doubled  when  the  ejector  was  operating  at  Pte  =  50  psia 
for  test  configuration  3a.  An  additional  increase  of  approximately 
50  percent  in  the  limiting  (Pex))lp  was  obtained  by  adding  the  ejector 
second-throat  insert  for  test  configuration  3b.  The  insert  gave  the 
ratio  of  (Ast)e./(AsL)t  =  1.  77.  The  limiting  (Pexlup  is  practically  a  con¬ 
stant  for  rocket  chamber  pressures  from  0  to  15  psia.  For  test  con¬ 
figuration  3b,  this  constant  value  is  the  same  as  that  obtained  when 
only  the  ejector  is  operating.  This  characteristic  was  not  the  case 
with  the  centerbody-type  configuration  as  shown  in  Figs.  15b  and  16b. 

The  relationship  of  the  test  cell  pressure  and  rocket  engine  nozzle 
lip  static  pressure  for  stepwise  steady-state  chamber  pressure  decrease 
to  zero  is  presented  in  Fig.  19c.  The  relationship  is  typical  for  an 
ejector  driving  pressure  of  Pte=  50  psia  and  (Pexlup  equal  to  or  less  than 
the  limiting  value  shown  in  Fig.  19b.  Similar  relation  is  shown  in  Ref.  2. 
Note  in  Fig.  19c  that,  when  Pc  becomes  equal  to  (Pne)r,  a  further  decrease 
in  chamber  pressure  causes  nozzle  flow  separation  to  occur  and  then  cell 
pressure  starts  to  increase.  The  (Pne),  data  are  1.  125  times  the  isen- 
tropic  value. 
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The  Reynolds  number  effect  discussed  in  Refs.  7  and  8  influences 
the  test  cell  pressure  for  the  low  chamber  pressures.  The  effect  is 
increased  by  the  jet  boundary  impingement  region  on  the  diffuser  if 
the  second  throat  is  not  properly  located  as  discussed  in  Ref.  3.  At 
a  chamber  pressure  of  26.  04  psia,  the  jet  boundary  calculated  by  the 
method  given  in  Ref.  11  impinges  on  the  second-throat  transition  near 
the  intersection  with  the  diffuser  as  shown  in  Fig.  19d.  The  jet 
boundary  for  a  chamber  pressure  of  Ptr  =  79.  68  psia  impinges  on  the 
diffuser  upstream  of  the  beginning  of  the  second-throat  transition. 

The  equivalent  mass  ratio  of  ms/mp=  0.059  for  test  configurations 
3a  and  b  was  required  to  simulate  the  full-scale  value  of  0.  028  for  a 
full-scale  rocket  engine  chamber  pressure  of  11  psia  and  ejector  mass 
flow  rate  of  125  lbm/sec.  This  mass  flow  ratio  of  ms/mp=  0.  059  was 
obtained  when  the  annular  ejector  was  driven  at  50  psia  and  the  simu¬ 
lated  rocket  engine  chamber  pressure  was  7.45  psia. 

The  results  of  this  phase  of  the  investigation  indicate  that  the  model 
rocket  engine  (Fig.  Id)  can  be  throttled  to  10-percent  power  with  the 
auxiliary  annular-type  ejector  (Fig.  7)  in  the  J-3  model  test  configura¬ 
tion  3b  (Fig.  8).  From  Figs.  19b  and  c,  the  diffuser-ejector  exit  static 
pressure  can  be  as  high  as  1.  64  psia  for  an  ejector  driving  pressure  of 
50  psia. 

The  diffuser-ejector  exit  static  pressure  was  checked  by  a  force 
balance  calculation  for  test  configurations  3a  and  b  (see  Appendix  I). 

The  predicted  limiting  (PEX)lip  pressure  from  the  force  balance  analysis 
was  in  good  agreement  with  the  measured  value  for  test  configuration  3  a, 
but  the  predicted  value  was  low  for  test  configuration  3b. 


4.4  PHASE  IV 

This  phase  concluded  the  investigation  with  the  model  rocket  engine 
used  both  with  the  auxiliary  annular -type  ejector  from  Phase  III  and  an 
auxiliary  centerbody-type  ejector  having  equal  geometric  parameters  to 
the  annular-type  ejector.  The  performance  evaluation  included  pressure 
distribution  in  the  J-3  model  ducting  from  the  diffuser-ejector  exit  to  the 
simulated  J-l  exhaust  header  into  which  the  J-3  model  discharged. 

4.4.1  Annular-Type  Ejector  Test  Configuration  3c 

The  test  configuration  (3c,  Fig.  8)  was  the  same  as  3b  except  for 
the  rocket  engine.  The  rocket  engine  configuration  D  (Table  1  and  Fig.  Id) 
was  used. 
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Engine  throttling  simulation  was  accomplished  by  an  orificed  bypass 
line  and  valving  arrangement  as  shown  in  Fig.  2.  The  orifices  were 
sized  for  the  propellant  flow  rates  from  a  constant  pressure  supply  to 
give  the  desired  chamber  pressure  when  the  main  flow  was  cut  off.  The 
performance  was  obtained  with  two  sets  of  orifices,  which  allowed 
throttling  from  95  to  20  psia  and  from  48  to  12  psia. 

The  end  points  of  the  transient  throttling  demonstration  for  test  con¬ 
figuration  3c  are  presented  in  Fig.  20a.  The  isentropic  values  of  test 
cell  and  rocket  engine  nozzle  lip  static  pressures  are  shown  for  compari¬ 
son  with  the  actual  data.  The  rocket  engine  had  a  contoured  nozzle  with 
an  area  ratio  of  40  as  shown  in  Fig.  Id.  The  engine  nozzle  lip  static 
pressure  was  2.07  times  the  isentropic  value  corresponding  to  the  area 
ratio  of  40  as  shown  in  Fig.  20a.  The  cell  pressure  was  0.  52  times  the 
corresponding  isentropic  value  when  the  nozzle  was  properly  located  with 
respect  to  the  beginning  of  the  diffuser  second  throat.  For  the  case  shown 
in  Fig.  20a  with  the  nozzle  1.  194  in.  farther  downstream,  the  cell  pressure 
was  approximately  two  times  the  isentropic  value.  The  jet  boundary  im¬ 
pingement  on  the  diffuser  for  the  two  positions  is  shown  in  Fig.  20c. 

Shown  in  Fig.  20a  are  the  data  that  represent  the  maximum  ejector 
driving  pressure  for  the  cell  pressure  to  be  a  minimum  and  the  diffuser - 
ejector  exit  static  pressure  to  be  at  or  near  the  limiting  value.  The 
limits  were  established  by  maintaining  low  (Pe*)iip  for  different  throttling 
runs  at  various  ejector  driving  pressures.  The  maximum  Pte  was  defined 
as  the  value  above  which  the  minimum  possible  cell  pressure  correspond¬ 
ing  to  the  throttled  chamber  pressure  could  not  be  maintained.  For  this 
maximum  Pie,  various  throttling  runs  were  made  at  different  diffuser- 
ejector  exit  static  pressures.  The  limiting  (Pex)lip  was  determined  when 
a  higher  value  would  cause  test  cell  pressure  to  increase  at  the  throttled 
chamber  pressure.  These  performance  data  are  in  good  agreement  with 
the  cold-flow  data  for  test  configuration  3b  in  Phase  III  (Figs.  19a  and  b) 
except  that  the  ejector  driving  pressure  had  to  be  approximately  15  per¬ 
cent  lower. 

Presented  in  Figs.  21,  22,  and  23  are  the  J-3  model  duct  pressure 
distributed  from  the  diffuser-ejector  exit  static  pressure  to  the  exhaust 
header.  The  magnitude  of  the  pressures  is  shown  in  Fig.  21  for  pre- 
fire  (ejector  operating  alone),  firing  at  Plr  =  48  psia,  and  at  throttled 
P tr  =12  psia.  The  ejector  driving  pressure  was  approximately  45  psia. 

The  survey  was  made  for  three  exhaust  header  pressures  from 
<Pi)eIp  0.  55  to  2.  0  psia  as  shown  in  Figs.  21a  through  c.  At  the  low 
exhaust  pressure  level,  there  is  a  rather  large  difference  between  pre¬ 
fire  and  Pir  -  48  psia.  The  difference  decreases  as  the  exhaust  pressure 
increases.  Figure  21e  shows  the  condition  for  maximum  Pieand  (Pex)llp 
for  minimum  Pc  when  P,r  =  13.  04  psia  after  throttling  from  Pu  =  48.  93  psia. 
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Figure  22  is  a  similar  set  of  curves  but  for  a  rocket  driving  pres¬ 
sure  of  Ptr  =  93  psia  and  throttling  to  P(r  s  20  psia.  The  ejector  driving 
pressure  was  maintained  at  approximately  42  psia.  Note  that  a  greater 
difference  exists  between  pre-fire  and  maximum  Ptr  for  these  conditions 
than  for  those  presented  in  Fig.  21.  The  duct  appears  to  be  choked  for 
the  conditions  shown  in  Figs.  22a  and  b  for  maximum  Ptr  since  the  in¬ 
crease  in  (Pt)ejc  did  not  alter  the  pressures  upstream. 

Presented  in  Fig.  23  is  a  set  of  curves  for  the  same  throttling 
conditions  as  those  in  Fig.  22  except  the  ejector  driving  pressure  was 
increased  to  Pte  =  58.  44  psia.  Figure  23b  is  for  the  condition  shown 
in  Fig.  20a. 

A  typical  rocket  engine  chamber  pressure  transient  for  the  two 
throttling  conditions  is  shown  in  Fig.  24. 

4.4.2  Centerbody-Type  Ejector  Test  Configuration  4 

Test  configuration  4  was  the  same  as  3c  except  that  the  annular- 
type  ejector  was  replaced  by  the  centerbody-type  configuration.  Test 
configuration  4  is  shown  in  Fig.  10.  All  geometric  parameters  for  the 
centerbody-type  ejector  associated  with  performance  were  equal  to  the 
corresponding  parameters  for  the  annular-type  ejector. 

The  performance  investigation  wras  similar  to  that  for  the  annular- 
tjrpe  ejector  test  configuration.  Throttling  was  attempted  for  Ptr  =  95  to 
10  psia,  95  to  20  psia,  and  48  to  12  psia  (Fig.  20b).  The  diffuser  would 
start  and  pump  the  minimum  cell  pressure  at  the  Ptr  =  95-psia  condition 
for  an  ejector  driving  pressure  as  high  as  50.  25  psia.  When  throttling 
was  accomplished,  the  test  cell  pressure  increased  even  when  the 
diffuser-ejector  exit  static  pressure  was  as  low  as  0.  91  psia.  The 
ejector  driving  pressure  was  as  low  as  40.  23  psia,  which  is  lower  than 
the  values  for  test  configuration  4.  The  diffuser  would  not  start  at 
Pu  *  48.  11  psia.  Pie  =  44.  27  psia,  and  (Pex)Up  =  0.  78  psia  for  the 
centerbody-type  configuration,  but  it  would  start  at  Ptr  =  48.  93  psia, 

Pte  =  46.58  psia,  and  (Pex)jip  =  1.46  psia  for  the  annular-type  configura¬ 
tion.  When  the  rocket  engine  nozzle  exit  plane  was  moved  1.  194  in. 
farther  upstream,  no  improvement  in  performance  was  experienced. 

Tne  individual  centerbody-type  ejector  performance  is  presented  in 
Fig.  18.  The  Pc/Pte  was  0.  97  times  the  isentropic  value.  This  is  much 
better  than  the  no-secondary- flow  performance  obtained  with  the  annular- 
type  ejector  configuration.  The  (Pex)iip /Pte  was  1.07  times  the  normal 
shock  value,  Py/Ptx  .  This  is  also  an  improvement  over  the  value  obtained 
for  the  annular-type  ejector. 
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The  main  difference  between  this  centerbody-type  ejector  (Fig.  9) 
and  the  one  used  in  Phase  III  with  test  configuration  2e  (Fig.  4)  was  that 
the  nozzle  area  ratio  and  the  nose  cone  half-angle  (20  deg  instead  of 
15  deg)  was  larger.  The  larger  nozzle  area  ratio  was  used  to  give  a 
lower  nozzle  exit  static  pressure  for  the  same  driving  pressure.  From 
the  static  pressure  equilibrium  principle,  the  lower  ,(Pne)a  would  allow 
the  diffuser  exit  static  pressure,  Psa ,  to  be  lower,  therefore  allowing 
chamber  pressure  after  throttling  to  be  lower.  A  20 -deg  instead  of  a 
15-deg  nose  cone  TVcts  used  to  conserve  the  length  of  the  centerbody 
since  the  full-scale  diffuser-ejector  length  was  limited.  The  location 
of  the  ejector  20 -deg  half-angle  nose  cone  with  respect  to  the  rocket 
engine  nozzle  exit  plane  was  such  that  (L/D)r  =  0.  41.  According  to  the 
results  of  Phase  I  (Fig.  11a),  no  diffuser  starting  problem  should  exist 
for  a  spacing  such  that  (L/D)r  =  0.  56  for  a  22 -deg  half-angle  nose  cone. 

A  comparison  of  the  performance  with  test  configurations  3c  and  4 
indicates  that  the  annular-type  ejector  in  test  configuration  3c  was  best. 
Rocket  engine  throttling  to  10  percent  of  full  power  capability  was 
demonstrated  with  the  annular-type  ejector. 

For  the  annular-type  ejector  with  a  second  throat,  the  performance 
can  be  predicted  using  both  a  steam-driven  rocket  engine  and  the  model 
rocket  engine  by  a  nomograph,  as  shown  in  Fig.  25.  The  diffuser  second- 
throat  exit  static  pressure  is  equal  to  from  0.  90  to  1.0  times  the  down¬ 
stream  normal  shock  static  pressure  for  a  second-throat  contraction  area 
ratio  equal  to  normal  shock  contraction  based  on(Ad/A*)r.  This  is  shown 
in  Figs.  15a,  16a,  and  19a.  To  have  optimum  ejector  performance, 
satisfying  primary  and  secondary  flow  static  pressure  equilibrium  requires 
the  ejector  nozzle  lip  exit  static  pressure  to  equal  the  diffuser  second- 

throat  exit  static  pressure  [(PDe)e  -  Psa].  This  can  be  determined  by  know¬ 
ing  the  geometry  of  the  ejector  nozzle,  especially  the  area  ratio  (Ane/A*)o(, 
and  the  relationship  of  the  actual  to  the  isentropic  value  of  the  lip  static 
pressure.  The  actual  Pne  for  a  conical  nozzle  will  be  approximately  10  to 
15  percent  higher  than  the  isentropic  value  based  on  nozzle  area  ratio 
(Figs.  15c  and  19c).  The  performance  for  test  configurations  3a,  b,  and 
c  indicates  that,  for  a  range  of  rocket  engine  chamber  pressure  from  0  to 
15  psia,  the  diffuser -ejector  limiting  exit  static  pressure  is  a  constant 
and  approximately  equal  to  the  limiting  value  when  only  the  ejector  is 
operating  as  shown  in  Fig.  19b.  The  value  of  the  diffuser- ejector  limiting 
exit  static  pressure  is  determined  by  the  ejector  area  ratio,  length-to- 
diameter  ratio,  and  the  contraction  area  ratio.  The  effect  of  contraction 
ratio  is  shown  in  Figs.  14  and  18,  and  the  (L/D)a  effect  is  shown  in  Fig.  13a. 
This  limiting  exit  static  pressure  for  test  configurations  3a  and  b  is  found 
by: 
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Test  Configuration  (A.9(/Atl)e  ,  ‘P  '  - - 

_  ^  y/Ptx)e 

3  a  1.00  0.62 

3  b  0.62  0.94 

This  information,  properly  arranged,  gives  the  nomograph  shown  in 
Fig.  25.  Enter  the  nomograph  at  the  desired  throttled  rocket  engine 
chamber  pressure  and  proceed  to  the  proper  diffuser  second-throat  exit 
pressure;  thence  vertically  along  the  constant  pressure  line  to  the  line 
representing  the  proper  ejector  nozzle  lip  exit  static  pressure;  thence, 
move  along  a  horizontal  line  crossing  the  Pte  -  Ptr  scale  to  (Py)e  scale 
and  intersecting  the  diffuser- ejector  exit  static  pressure  line  which 
determines  (pex)]ip.  The  data  from  test  configurations  3a,  b,  and  c 
presented  in  Figs.  19b  and  20a  are  in  good  agreement  with  this 
nomograph, 

A  force  balance  analysis  was  made  for  test  configuration  3c  to  deter 
mine  the  diffuser-ejector  exit  static  pressure.  The  method  is  presented 
in  Appendix  I.  The  predicted  value  wras  higher  than  the  measured  value. 
This  difference  could  be  caused  by  data  inaccuracies,  the  method  of 
calculation  of  the  ejector  ramp  pressure,  the  correction  factor  applied 
to  the  theoretical  exit  static  pressure  to  get  the  predicted  value,  and 
the  omission  of  wall  friction  forces. 


SECTION  V 
SUMMARY  OF  RESULTS 


The  investigation  consisted  of  four  phases:  (I)  cold-flow  centerbody 
type  ejector  blockage  study,  (II)  centerbody-type  ejector  performance 
study,  (III)  diffuser-ejector  performance  evaluation  of  the  centerbody- 
and  annular-type  ejectors  with  a  simulated  rocket  engine,  and 
(IV)  diffuser-ejector  performance  evaluation  of  the  centerbody-  and 
annular-type  ejectors  with  a  model  liquid-propellant  rocket  engine. 

The  results  of  the  investigation  are  summarized  as  follows: 

1.  A  centerbody-type  ejector  sufficiently  large  to  give  a 
normal  shock  contraction  area  ratio  diffuser  configura¬ 
tion  based  on  the  ratio  of  rocket  engine  diffuser-to-nozzle 
throat  areas  can  be  used  without  affecting  cell  pressure 
with  certain  limitations.  The  nose  cone  half-angle  must  be 
sufficiently  small  and  the  spacing  of  the  centerbody-type 
ejector  must  be  as  near  as  possible  to  the  rocket  engine 
nozzle  exit  plane.  The  small  nose  cone  angle  allows 
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.  the  spacing  of  the  centerbody-type  ejector  with  respect 
to  the  rocket  engine  nozzle  exit  plane  to  be  less  critical. 

A  smaller  diffuser  contraction  area  ratio  allows  an  in¬ 
crease  in  limiting  driving  pressure  ratio  but  makes  the 
spacing  of  the  ejector  nose  cone  more  critical. 

2.  A  short  diffuser  [(L/D)e  =  2.6]  for  a  centerbody-type 
ejector  allows  the  limiting  driving  pressure  ratio  to 
decrease  for  an  increase  up  to  0.  15  in  secondary-to¬ 
primary  mass  flow  ratio.  The  limiting  driving  pres¬ 
sure  ratio  increases  only  slightly  (practically  a  constant) 
for  a  long  diffuser  [(L/D)e  =  8.00j'for  an  increase  of  0.  15 
in  secondary-to-primary  mass  flow  ratio.  The  rise 
ratio  is  lower  for  the  short  (L/D)a  mixing  duct  at  the  same 
secondary-to-primary  mass  flow  ratio  than  for  the  long 
(L/D)e  one. 

3.  A  second-throat  having  a  normal  shock  contraction  area 
based  on  (Ad/A* )e  inserted  in  the  diffuser-ejector  permits 
the  limiting  driving  pressure  ratio  to  be  increased  to 
approximately  the  normal  shock  value,  Py/Pu  .  No  effect 
was  noted  on  the  cell -to-driving  pressure  ratio  during 
operation  without  secondary  mass  flow. 

4.  The  rocket  engine  second-throat  limiting  diffuser  exit 
static  pressure  is  approximately  equal  to  the  downstream 
normal  shock  static  pressure  based  on  the  (Ad/A*)r  at  start 
and  breakdown  for  either  a  centerbody-type  or  an  annular- 
type  diffuser -ejector. 

5.  During  rocket  engine  operation,  the  limiting  annular-  or 
centerbody-type  ejector  exit  static  pressure  was  increased 
proportionally  to  driving  pressure  when  the  ejector  was 
operating.  The  ejector  second  throat  [i(Ast  )« /  (A«t)r  =  1-34] 
for  a  rocket  engine  diffuser  having  a  normal  shock  contrac¬ 
tion  will  allow  an  additional  increase  in  diffuser-ejector 
limiting  exit  static  pressure.  The  exception  to  this  was 
when  the  rocket  engine  was  operated  on  air  instead  of  steam 
or  propellant.  Operating  with  air  did  not  cause  an  increase 
in  the  limiting  exit  static  pressure  because  of  the  air  cooling 
the  ejector  driving  fluid  (steam). 

6.  The  limiting  exit  static  pressure  remained  essentially  con¬ 
stant  at  the  limiting  value  obtained  with  only  the  annular- 
type  ejector  operating  up  to  a  rocket  engine  chamber  pres¬ 
sure  of  15  psia  with  or  without  the  ejector  second  throat. 
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7.  The  optimum  performance  of  the  annular-  or  centerbody- 
type  ejector  was  obtained  when  the  ejector  nozzle  lip 
static  pressure  was  equal  to  the  diffuser  second-throat 
exit  static  pressure  for  the  throttled  rocket  engine  cham¬ 
ber  pressure. 

8.  If  the  diffuser  second  throat  is  too  close  to  the  rocket 
engine  nozzle,  such  that  the  jet  boundary  impinges  on  the 
second -throat  transition  near  the  intersection  with  the 
cylindrical  diffuser  impingement  duct,  a  much  higher 
cell  pressure  will  result. 

9.  A  successful  throttling  demonstration  from  full  power  to 
approximately  10  percent  power  was  made  with  the  rocket 
engine  and  the  auxiliary  annular-type  ejector  configuration. 
This  could  not  be  demonstrated  when  the  annular-type 
ejector  was  replaced  by  a  centerbody-type  ejector  having 
equal  geometric  parameters. 

10.  The  pressure  distribution  in  the  J-3  model  exhaust  ducting 
during  rocket  engine  and  ejector  operation  varied  from 
approximately  1.40  psia  at  the  diffuser-ejector  exit  to  a 
peak  of  approximately  2.4  psia  at  the  55-deg  miter  turn 
and  back  to  2.  0  psia  in  the  exhaust  header. 


23 


6.EDC-TR-65-25S 


APPENDIX  I 

FORCE  BALANCE  ANALYSIS  FOR  TEST  CONFIGURATIONS  3a,  b,  and  c 


The  general  theory  based  on  momentum  analysis  given  in  Refs.  5, 

12,  13,  and  14  can  be  used  in  a  force  balance  for  the  annular-type 
ejector  in  test  configurations  3a,  b,  and  c  to  predict  the  diffuser- 
ejector  limiting  exit  static  pressure.  The  limiting  pressure  can  be  pre¬ 
dicted  within  a  few  percent  for  the  steam-driven  rocket  engine  and  steam- 
driven  annular-type  ejector  with  and  without  the  ejector  second  throat  and 
for  the  N2O4  and  AZ-50  liquid-propellant  rocket  engine  and  steam- 
driven  annular-type  ejector  with  the  second  throat.  The  conditions  at 
which  the  calculations  were  made  are  (1)  minimum  chamber  pressure  to 
which  throttling  was  accomplished  and  (2)  limiting  diffuser-ejector  exit 
static  pressure. 

The  methods  and  equations  used  in  the  force  balance  analysis  are 
as  follows: 


F"  =  P"(Ast)r  (1  +  ye  M"a)  (1-1) 

where 


P"  =  P-, 

as  shown  ir.  Fig.  1-1.  A  conservative  value  of  PSa  for  a  rocket  engine 
diffuser  having  a  normal  shock  second-throat  contraction  area  ratio  is 
(Refs.  1  and  2  and  Fig.  19a)  approximately  equal  to  the  downstream 
normal  shock  static  pressure.  The  value  used  was 

Psa  =  0.90  Py 

Then  from  Ref.  9  and  the  chamber  pressure  to  which  throttling  was  made, 

Py  =  [f  (Ad/A*,  y)r]  P,r 

The  Mach  number,  M",  was  calculated  from  the  continuity  equation  of  the 
form  given  in  Ref.  13 


M 


Mr 

P*2  (Alt), 


Rr  Tf 

Yr  8c 


where 

_  {  P/Pj  n)(|»|  Ptr  Ar* 

m  r  —  -  a . — - 

V  T„ 

By  applying  the  ejector  secondary  and  primary  static  pressure  equilibrium 
principle  from  Refs.  5  and  13,  then 

p"  =  p' 
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From  P'  and  the  annular-type  ejector  driving  pressure,  Pte  ,  the  ratio 
P7P,e  is  calculated  . 

From  Ref.  9  and  the  annular-type  ejector  nozzle  throat  area.  A* , 
the  following  are  obtained: 

A'  =  [f  (P7Pt,y)J  Ae* 

M'  =  f  (P'/Pi,  y). 

which  is  sufficient  for  calculating  F'. 

F'  =  P'  A'  [l  +  ye  (M')1]  (1-2) 

The  force  balance,  neglecting  wall  friction,  for  test  configuration  3a  is 
shown  in  Fig.  I  - 1 ,  which  contains  the  annular-type  ejector  without  a 
second  throat  is 

F„-F'+F"  (1-3) 

Test  configurations  3b  ana  c  shown  in  Fig.  1-2  which  contain  the 
annular-type  ejector  having  the  second  throat  require  an  additional  force 
to  balance  Eq.  (1-3).  This  force  balance  equation  is 

Fex  =  F'  +  F"  -  Framp  <I“4) 

which  is  smaller  than  that  in  Eq.  (1-3)  by  the  amount  of  the  ejector 
second-throat  ramp  force,  Framp.  The  ramp  force  is  obtained  from 
the  average  ramp  pressure  multiplied  by  the  projected  area  of  the  ramp, 
which  is 


(Ad  —  AS| ) 


(1-5) 


The  average  ramp  pressure  was  determined  from  the  two-dimensional 
oblique  shock  relations  given  in  Ref.  15  as  if  secondary  mass  flow  rate 
was  zero.  The  oblique  shock  was  assumed  to  be  along  a  straight  line  from 
the  beginning  of  the  5 -deg  ramp  to  the  centerline  of  the  diffuser  in  the 
plane  of  the  entrance  to  the  constant  area  ejector  second  throat.  This 
gave  an  oblique  shock  angle  ^=28  deg  from  the  direction  of  flow  near 
the  diffuser  wall  at  the  exit  of  the  ejector  nozzle  as  shown  in  Fig.  1-2, 

The  ramp  pressure  was  determined  as  the  static  pressure  downstream 
of  the  oblique  shock  as  follows: 

Mr  amp  =  .  ye  j  ) 

giving 

(Pt)  -  Pte  RPt)  /Pte] 

“ramp  [_  lyratnp/  J 


and  from 


Pramp/ (Pt  )rttmp  -  f(Mramp«  ye) 
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the  ramp  pressure  was  obtained  as 

Pramp  =  (Pl)rin,p  [Pranp|(  Pt)ramp] 

Actually  a  more  correct  approach  would  be  the  use  of  a  well-defined  flow 
field  from  the  method  of  characteristics  for  internal  flow  for  an  open¬ 
nosed  body.  The  oblique  shock  originating  at  the  ramp  lip  is  strength¬ 
ened  as  it  moves  toward  the  centerline,  and  finally,  beyond  a  certain 
point,  the  flow  becomes  subsonic  behind  the  shock  as  shown  on  page  689 
in  Ref.  16.  This  approach  for  determining  the  second-throat  ramp 
pressure  is  given  in  Ref.  14. 

By  assuming  that  the  secondary  stream  does  not  expand  or  contract 
from  the  area  of  the  rocket  engine  diffuser  second  throat,  then  the  pri¬ 
mary  stream  has  freedom  to  expand  to  the  annulus  area  (Ad)s  -  (Ast)r. 

The  measured  nozzle  lip  static  pressure  for  conical  or  contoured  nozzles 
as  shown  in  Figs.  15c,  19e,  20a,  and  20b  is  higher  than  the  isentropic 
value  based  on  area  ratio  by  a  factor  of  1.  13  to  2.  07.  The  smaller  half¬ 
angle  conical  and  contoured  nozzles  have  the  largest  pressure  multiplying 
factor.  The  pressure  ratio  from  A  "/A*  =  17^  22  is  approximately  two 

times  the  pressure  ratio  from[(Aj)e  -  (Ast)rJ  /A*  =  27.  06  given  in  Ref.  9. 
Therefore,  the  ramp  pressure  was  based  on  the  inlet  conditions  from 
A7A<T  or  M'.  From  the  oblique  shock  relations  given  in  Ref.  15,  the 
oblique  shock  angle,  <6,  of  the  flow  stream,  approach  Mach  number,  M ' , 
and  the  ejector  driving  pressure,  Pte. ,  were  sufficient  for  calculating 
the  static  pressure  downstream  of  the  oblique  shock  from  the  beginning 
of  the  ramp. 


The  continuity,  momentum,  and  energy  relationships  when  applied 
as  given  in  Ref.  13  give 


t1  (  Mex  )  — 


Fel 


Rex  y‘»  1 


i  +  ye 


(1-6) 


The  fMM)  equation  is  given  in  Ref.  13  in  a  curve  (Fig.  II-2  of  Ref.  13)  as 
a  function  of  y  and  M .  Since  there  are  two  fluids  mixed  in  different  pro¬ 
portions  at  the  diffuser -ejector  exit  of  the  annular-type  ejector  when  the 
rocket  engine  and  ejector  are  operating,  then  mex  ,  Rev  ,  yex  ,  and  (Tt)ex 
are  given  as  follows- 

~  (mr/m<!  )  yr  +  ye 

mex  -  me  +  mr  yex  -  ,  .  _  ,■ 


D  (mr/me  )  Rr  +  Re  (T.  )  5  T-tr  +  Fte 

Kex  "  ] +  mr/me  £X  1  +  mr /me 
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The  fi  ( Mex )  was  calculated  from  the  equation 


=  mex/Fex  -^»(Ttl» - 

ftc 

and  then  from  yex  on  the  subsonic  side  of  the  curve  in  Fig.  II-2  of 
Ref.  13,  Mex  is  obtained.  The  momentum  equation  was  then  used  in 
the  form 


(  Pex  l|lp  (theory) 


AexO^/ex  ^et  ) 


(1-7) 


where  Fex  is  obtained  from  either  Eq.  (1-3)  or  (1-4),  depending  on  the 
test  configuration  being  checked  (3a,  b, -or  c).  The  Aex  is  the  corre¬ 
sponding  diffuser-ejector  exit  area  for  the  test  configuration  being 
checked.  Since  the  exit  pressure  is  affected  by  the  length  of  the  diffuser, 
a  correction  to  Eq.  (1-7)  was  necessary.  The  correction  factor  used  to 
correct  the  theoretical  value  from  Eq.  (1-7)  to  the  predicted  value  was 
the  ratio  QPex)lip//Pr  J^Py/Pix)  obtained  for  the  individual  ejector  perform¬ 
ance  given  in  section  4.  4.  2  and  Fig.  18. 


Therefore, 


(Pex)„ 


■  p 


(pred) 


(Pfx) 


lip 


{theory) 


(  )|ip  /  Pte 
’  Py  /  Ptx 


d-8) 


Actually,  this  correction  factor  may  not  necessarily  be  correct.  It  is 
known  to  vary  with  (L/D)e  and  may  vary  with  secondary  mass  flow.  The 
secondary  mass  flow  could  increase  or  decrease  the  correction  factor 
depending  on  the  value  of  (L/D),  as  shown  in  Fig.  13a  for  a  centerbody- 
type  ejector  configuration  without  an  ejector  second  throat.  The  correc¬ 
tion  factor  for  the  ejector  second-throat  configuration  may  decrease  with 
secondary  mass  flow.  The  geometric  parameters  and  conditions  for 
which  the  force  balance  calculations  were  made  are  given  in  Table  1-1. 
The  results  of  this  analysis  for  the  three  test  configurations  3a,  b,  and  c 
are  presented  in  Table  1-2. 


Analytical  results  for  test  configurations  3b  and  c  indicate  that  a  cor¬ 
rection  factor  less  than  0.  94  should  be  used.  If  wall  friction  or  viscous 
forces  had  not  been  neglected  and  if  the  exact  value  of  rocket  engine 
exhaust  gas  temperature  were  known,  closer  agreement  of  predicted  and 
measured  exit  pressure  would  probably  have  resulted. 
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TABLE  1-1 

GEOMETRIC  PARAMETERS  AND  FORCE  BALANCE  CONDITIONS 


Parameter 


Test  Configuration 


3  a 

3b 

3c 

0. 7512 

1 - - - - 

0.  7512 

0. 6124 

27.  05 

27.  05 

27.  05 

61.  89 

61. 89 

75.  57 

18.  57 

18.  57 

40.  0 

1. 8601 

1.  8601 

1.  8601 

77.  38 

77.  38 

77.  38 

— 

47.  99 

47.  99 

77.  38 

47.  99 

47.  99 

1.  30 

1.  30 

1.28 

1.30 

!  1.30 

1.  30 

86.  0 

86.  0 

67.  0 

86.  0 

86.  0 

86.  0 

760 

760 

Assumed  4000 

760 

j  760 

10 

11. 00 

50 

50 

45.  66 

0.  62 

0.  94 

0.  94 

Ar* ,  in. 
(Ast)r,  in.2 

(Ad/AMT 

(Ane/A*)r 


Ae*t  in-* 


(Ad)e, 
(Ast)».  in- 

Ac  X  >  in- 
^  r 

Ve 

ft-lhf 


Rr, 

Rc » 


lbm-  H 

fl  -  lb j 


lbm  -PR 
Tvr,  °R 

Tte,  CR 

Ptr,  psia 
Pic,  Psia 

*  R«x  Vp  /Ple 
P»/  Fix 
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TABLE  1-2 

FORCE  BALANCE  CHECK 


Parameters 

Test  Configuration 

3a 

3b 

3c 

Pte.  Psia 

50 

50 

45.  66 

Ptr,  psia 

10 

10 

11 

F',  lbf 

160. 54 

160. 54 

147.  83 

P\  psia 

0. 2224 

0. 2224 

0.  2048 

F  ",  lbf 

10.  20 

10.  20 

8.  90 

P  ",  psia 

0. 2224 

0. 2224 

0. 2048 

F ramp  > 

25.  25 

23.28 

Pramp  j  psia 

0.  867 

0.  792 

(F«)hp,  lbf 

170. 74 

145. 25 

133. 46 

lP«>Up  (theory)  ’  Psia 

1.  7949 

2. 1613 

2. 0926 

(Pe*>llp  (pred)’  Psia 

1.  1128 

2. 0316 

1.  9671 

^  Pex  (measured)’  P3*a 

1.  1000 

1.  64 

1.48 
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c.  Configuration  C 


Coordi na  tes 

L 

r 

0.0000 

0.4335 

0.1066 

0.4642 

0.3853 

0.6346 

0.7266 

0.8317 

1 .2497 

1 .1058 

1 .7767 

1.3495 

1.9589 

1 .4268 

2.3038 

1 . 5654 

2.6116 

1 .68 

2.8308 

1  .  7625 

3.3579 

1.9396 

3.8849 

2.1008 

4.4200 

2.2452 

4.9390 

2.3717 

5.4661 

2.4835 

5.9931 

2.5826 

6.5202 

2.6711 

6.9337 

2.7417 

d.  Configuration  D 
Fig.  1  Concluded 
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Fig.  3  Detoils  for  Centerbody-Type  Ejector  Conf igurotions  1  through  9 
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Fig*  10  J-3  Model  Installation  in  Propulsion  Research  Area  (R-2C-2)  lor  Test  Configuration  4 
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Limiting  Exit  Pressure  to  Rocket  Engine 
Driving  Pressure  Ratio  -  to  Normal  Shock 
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Steam  Ejector  Position,  in. 

a.  Center  body -Type  Ejector  Position  Limitation  for  Various  Nose  Cone  Angles 


012345678 


Steam  Ejector  Position,  in. 

fcu  Centerbady-Type  Ejector  Position  Effect  on  Driving  Pressure  Ratio  for  Various 
Centerbady  Nose  Cone  Angles 

Fig.  11  Performance  Evaluation  of  Phase  I,  Test  Configurations  with  Diffusers  having 
Normal  Shock  Contraction 
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Fig.  12  Diffuser  ContracHon  Area  Ratio  Effect  on  Driving  Pressure  Ratio 
for  Various  Centerbody  Nose  Cone  Angles 


a*  Secondary-to-Primary  Mass  Ratio  Influence 
on  the  Limiting  Driving  Pressure  Ratio 

Fig.  13  Center  body -Type  Ejector  Performance  for  Test  Configurations  2a 
and  b  having  (L/D)e  *=  2.6  and  8.0 
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b,  Ejector  Limiting  Exit  Stotic  Pressure  Performance 
Fig.  15  Continued 
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g*  Diffuser  Limiting  Second-Throat  Exit  Static  Pressure  Performance 
Fig.  16  Steam-Driven  Rocket  Engine  and  Steam-Driven  Centerbody-Type  Ejector 
Performance  for  Test  Configuration  2e 
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b-  Ejector  Limiting  Exit  Stotic  Pressure  Performance 
Fig.  16  Concluded 


40  and 


1.0  0.9  0.8  0.7  0.6  0.5  0.4  0.3  0.2  0.1  0  0.50  1.00  1.50  2.0  2.5 


(pne>e  and  Ps2’  psla  <Pe*>lip  at  Ptr  '  psla 


Fig.  17  Nomogrom  of  Rocket  Engine  Chamber  Pressure  Throttling  Limitations  for  Test  Configurations  2c  and 
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